Various base pair specific DNA ligands comprising a phenyl phenazinium dye, a triphenylmethan dye and Hoechst 33258 were covalently bound to polyethylene glycol (PEG) via ester or ether bonds. The DNA interactions of the PEG derivatives formed were shown to exhibit the same base pair specificity as the parent compounds. Since the PEG chains thus bound to the DNA could be expected to increase drastically the frictional coefficient of the DNA, the PEG derivatives were used for base specific DNA separations in agarose and polyacrylamide gel electrophoresis. The procedures, which do not require any special techniques, are described in detail. The resolution observed in agarose gels allows one to separate equally sized DNA fragments differing as little as 1% in base composition at mean travel distances of about 10 cm. Examples of gels showing the base compositional heterogeneity of restriction fragments obtained from A DNA, E. coli DNA and calf thymus DNA are given.
INTRODUCTION
Several years ago we could show that a fair number of organic cationic molecules exert pronounced base and sequence specificities on interacting with DNA (1,2,3,). It seemed rather obvious to us to make use of these compounds for fractionation of DNA according to base composition in gel electrophoresis and column chromatography. It turned out, however, that the unmodified compounds only exert minor effects. In gel electrophoresis, for instance, base composition dependent mobility changes of ONA fragments due to the presence of such compounds were found to be too small for practical use (11) . In hydroxyapatite chromatography intercalating GC specific compounds yielded no better resolution than that obtained in neutral cesium chloride gradients (4).
Improvements were obtained when base specific ligands were incorporated into linear polyacryl amide chains grafted on solid poly-bisacrylamide particles and used as absorbents for DNA affinity chromatography (5,6,7). A more general way of applying these ligands for electrophoretic and chromatographic procedures was found by linking them chemically to polyethylene glycols (PEG). In agarose and polyacrylamide gels these PEG derivatives exert substantial base composition dependent mobility changes.
In l i q u i d -l i q u i d chromatography they act by shifting p a r t i t i o n coefficients to an unexpected extent (Manuscript in preparation). The present paper outlines the principles of synthesis of these PEG derivatives and gives some basic results on t h e i r DNA interactions and their application in the gel electrophoresis of DNA fragments.
With respect to the l a t t e r i t should be noted that three base compos i t i o n dependent electrophoresis procedures have been reported in the l i terature within the last decade (8, 10, 12) . The f i r s t uses the fact that equal sized DNA fragments of substantially different base composition show appreciable mobility differences in agarose-polyacrylamide composite gels (8,9). The second approach uses DNA binding drugs such as antibiotics or "Hoechst 33258" in agarose gels to produce base composition dependent mob i l i t y s h i f t s (10), which we found to be too small for general applications, however (11) . The third procedure, published by Fischer and Lerman (12) takes advantage of the fact that drastic structural changes of DNA fragments due to loop formation caused by partial denaturation of DNA duplexes practically immobilize the fragments in a polyacryl amide g e l .
The technique we describe in the present paper relies on the base composition dependent increase of the f r i c t i o n a l coefficient of DNA fragments when ccmplexed with one of the PEG derivatives and is simple enough not to require any special techniques except thermostating the gels during the run. The resolution is mainly governed by the base composition unless strong sequence anomalies as sometimes observed in eucaryotic DNA are present. For such cases the a v a i l a b i l i t y of PEG esters of d i f f e r e n t sequence s p e c i f i c i t i e s may provide an advantage.
MATERIALS AND METHODS
Buffers used: TE buffer: 10 mM Tris-HCl, 1 mM EDTA, pH 7.8 Tris-NaOAc buffer: 40 mM T r i s , 20 mM NaOAc, 2 mM EDTA, pH 7.8 adjusted with acetic acid 40 mM phosphate buffer: 30 mM NaH 2 P0 4 , 10 mM Na 2 HP0 4> 2 mM EDTA, pH 6 . 1 ; DNAs: a.X DNA was purchased from New England Biolabs. Digests of t h i s DNA were prepared with r e s t r i c t i o n enzymes from the same source or from Boehringer, Mannheim, using standard techniques.
b. Hpa I digest of 0 X 174 RF DNA was obtained from New England Biolabs.
c. DNA from calf thymus was purchased from Boehringer, Mannheim. d. Bacterial DNAs (M^ lysodeicticus-, E_. c o l i -and £1_. perfrinqens DNA) were obtained from Sigma Chemical Co. These DNAs were deproteinized by several phenol extractions and stored at 4°C in TE buffer. For preparation of a test mixture consisting of equimolar amounts of these DNAs at narrow size distributions (10 and 2 x 10 d) a mixture of the crude DNAs was sheared at 0°C in TE buffer containing 0.2 M NaCl for 4 hours in a Virtis homogenizer at 12,000 rpm at a total DNA concentration of 150 yg/ml. The DNA solution was extracted 3 times with phenol and precipitated with two volumes of ethanol. The precipitate was dissolved in 5 ml of TE buffer and dialyzed. 0.8 mg was loaded on a horizontal slab gel (15 x 12.5 x 1.0 cm) of 1% agarose and electrophoresed at 22°C for 10 hrs. at 1.5 V/cm in the presence of 0.5 yg/ml ethidiumbromide. Strips of 2-3 m m thickness were cut perpendicular to the migration direction at different positions within the broad fluorescent band. The gel strips were dissolved in the seven-fold amount (w/v) of 7 M NaCIO by gentle stirring at ± 25°C. 200 mg of glasspowder (Eagle Ceramics, Bethesda, MD) were added to each solution stirred for 2-3 min, and spun at 2,000-3,000 x g for 10 min. The sediments were washed twice with 2 ml of 7 M NaC10 4 and the sediments extracted with 2 portions of 3-4 ml of TE buffer. The extracts were concentrated by repetitive extractions with n-butanol until a volume of the aqueous phase of 0.5-1 ml was reached. After two additional extractions with chloroform, the DNA was precipitated by two volumes of ethanol chilled to -20°C for 2 hours and centrifuged for 10 min at 3,000 x g. The sedimented DNA was dried for 10 min in a vacuum dissicator over CaSO., and dissolved in 0.5 ml of 0.1 x TE buffer. Yield: about 35 pg DNA from each strip. The fractions used for the experiments described had a mean size of 1.9 x 10 d and 0.9 x 10 6 d (2.9 kb and 1.5 kb respectively).
Polyethylene qlycol derivatives: The PEG derivatives used in the experiments described have the structures I, I I and I I I . Their synthesis is shown in principle in the following schemes.
The procedures shown are classical procedures of organic chemistry optimized for the present purposes. (See Appendix) The basic processes follow procedures reported in Beilstein (13) using starting materials of highest purities available. PEG was purchased from Serva, Heidelberg, of a mean mol. weight of 6,000-7,500. The PEG derivatives obtained are dialysed against a slightly acid buffer (10 mM cacodylate, pH 6.0) and stored at 4 C C in the dark in solution of 50 to 150 OD/ml. The molar extinction coefficients used for determining concentrations are listed in Table 1 . I t should be noted that the PEG ester I aggregates appreciably in aqueous media. The value given holds for concentrations <_ 0.5 0D 5 g,/ml.
The green PEG ester I I forms a colorless carbinol form at higher pH. Since the pK of th.is equilibrium is between 6.1 and 6.6 the photometric measurement of the total ester concentration requires the adjustment of the solution to pH~3 by adding dilute acetic acid and equilibrating for at least 30 min. Adding SDS also shifts the equilibrium towards the carbonium form, therefore yielding total concentrations. Unless otherwise stated, the dye concentration used in gels, etc. indicate the equilibrium concentrations at pH 6.
Binding isotherms for the interaction of the PEG esters with bacterial DNAs: The interaction of the PEG esters with DNAs of various base compositions were studied using the gel f i l t r a t i o n method by passing PEG ester-DNA complexes through columns of Sepharose Cl 4B. The columns were previously equilibrated with PEG esters at various concentrations and samples of about 0.15 mg of DNA loaded in excess with PEG ester in 0.5 ml passed through the columns at 25 ml/hr under careful thermostatino/of the column bed. Samples from the fast running complexes were analyzed optically for DNA content and PEG ester content after dissociating the complexes using SDS (2% final concentration).
Gel electrophoresis was performed in Studier-type (14) devices made of plexiglass. The horizontal gels were thermostated by percolating a f l a t space underneath the plate carrying the gel with water cooled to 2-3°C below the desired gel temperature. The setting was checked by measuring the temperature in the gel using a thermistor. When agarose gels containing PEG esters were prepared, the esters were added to the gel solutions at the end of the annealing period (45-60°C) and the gels poured in the usual way. Twodimensional gels were set up by pouring the annealed gel around the gel strip containing the DNA-fragments from the f i r s t dimensional sizing run. Since the esters migrate slowly in opposite directions to the DNA due to their positive charge, the gel foot on the positive side also contained the PEG ester. The addition of PEG ester to the buffer is useless since i t is destroyed at the electrodes unless the space around the electrodes is separated from the residual buffer volume by an extra diaphragm.
Recycling of the buffer in the electrode compartments turned out to be necessary in order to avoid the formation of pH gradients in the gel. Either peristaltic or rubber fitted membrane pumps were used for this purpose, the back flow in the opposite direction being established by connecting the electrode compartments by 4-8 mm wide tygon tubing.
When vertical polyacrylamide gels were run, the PEG esters were i n t r oduced into the gels by soaking the preformed gels (containing 5% bisacry-1 amide in the monomers) in a PEG ester solution in electrophoresis buffer for 4-5 hours at 60°C in a tape-sealed box. The d i l u t i o n caused by the gel volume was taken into account when preparing the soaking solution. The gel was cooled down for at least three hours at 4°C in order to restore the o r iginal gel size before remounting i t into the gel apparatus. For two-dimensional polyacrylamide gels the cylindrical gel from the f i r s t dimension run is sealed on top of the second dimension slab gel using a 1.2% agarose solut i o n in electrophoresis buffer. I t was found crucial to use an agarose of low electroendoosmosis for this purpose; Agarose L from LKB gave perfect results.
For visualizing the fragments, the gels were stained in the usual way by soaking in ethidium bromide (0.5-1.5 yg/ml) solution for 40-100 min.
When the gel contains the green PEG ester ( I I ) the ethidium solution should be adjusted to pH 8.5-9 by addition of some sodium bicarbonate. This transfers the green ester into i t s colorless carbinol form yielding a brighter fluorescence when i r r i d a t i n g the gel with UV l i g h t . When the gel contains the red PEG ester ( I ) the weak background fluorescence of the phenazinium chromophore may be diminished either by prolonged soaking of the gel or by careful reduction of the dye by soaking the gel in 0.04% sodium d i t h i o n i t e solution a f t e r staining u n t i l the red color has completely disappeared.
Since the dye moiety is easily reoxidized by a i r oxygen, the gel should be covered immediately by polyethylene f o i l after removing from the d i t h i o n i t e solution. Photography is done with aid of the usual red f i l t e r .
RESULTS
Binding studies of PEG derivatives with various DNAs: Parts of the binding isotherms covering the range required for the subsequent studies were measured by the gel f i l t r a t i o n technique of Hummel & Dreyer (15) using the same buffer as in the gel electrophoresis experiments at the same temperatures.
In Fig The numbers obtained from the slopes of such plots are l i s t e d in Table 2 .
Extrapolation of the n-values to m = 0 yields n = 1.64 for PEG ester I , n = 1.85 f o r PEG ester I I and a n-value between 3 and 4 for PEG ether I I I .
These values are in satisfactory agreement with the corresponding figures for the parent compounds: 1.58 for I , ( 2 ) , 2.0 for I I (3), and 3.8 for I I I (3). In addition, we found only quantitative changes in the sequence specif i c i t y as a result of attachment of the PEG side chain: PEG ester I I shows no detectable a f f i n i t y for poly dA ' poly dT, while PEG ester I I I has a comparable a f f i n i t y for poly (d(A-T)) (r=0.06 at n = 6.5 x 10" 7 M) and poly dA poly dT (r=0.09 at m = 6.5 x 10" 7 M). In the case of both PEG derivatives the s p e c i f i c i t i e s agree roughly with those of the parent compounds (3,16).
Applications of the PEG derivatives in gel electrophoresis
Conditions: In optimizing the conditions for the electrophoretic resolution of DNA fragments according to t h e i r base composition we had to find an acceptable compromise between the ionic strength of the buffer, the concentration of the PEG derivatives in the gels and the temperature of the runs.
With respect to the ionic strength of the buffer i t was found that 40 mM sodium phosphate containing 2 mM EDTA, pH 6, is a suitable medium f o r a l l three PEG derivatives. For two dimensional gels, 25 mM EDTA ad- electrophoretic runs with the different PEG derivatives in order to keep their concentrations in the gels low enough to counteract unfavorable side effects PEG ester I: 16-18°C, PEG ester II:10-ll°C, PEG ester I I I : 25°C.
The effect of the concentrations of the PEG derivatives in the gels on the resolution is shown in Fig. 2 in which the mobility differences of the fragments C and D from * DNA-EcoRI digests is plotted against the concentration of the retarding agents. The data were obtained by running digests in one-dimensional gels at various concentrations of PEG derivatives I and I I and identifying the fragments by comparing the gel patterns with two dimensional gels as shown in Fig. 3 . The plots in Fig. 2 show that the optimal resolution is achieved at PEG derivative concentrations which yield r-values between 0.03 and 0.05. Higher r-values produce minor additional effects only. Examples: Two dimensional gels of A DNA fragments formed by EcoRI were run in the presence of the three PEG derivatives at temperatures and concentrations of the PEG derivatives to yield the same binding ratio r of about 0-05 in each case. The patterns shown in Fig. 3 reveal the complementary behavior of the three PEG derivatives, I retarding GC-rich fragments, I I and I I I retarding the AT-rich ones. The stronger retardation of the E fragment (5'th from the origin) by derivative I I I as compared to I I reflects the different sequence specificities of the two agents, implying that the E fragment is relatively rich in non-alternating AT runs.
A similar comparative test with Hae I I I digests of A DNA is shown in Fig. 4 and 5 using agarose and poiyacrylamide gels, respectively. The better resolution of the smaller fragments in polyacrylamide is evident. Further examples deal with the base compositional heterogeneity of EcoRI and Hind I I I fragments of E_. coli DNA. The "diagonal" gels ( Fig. 6 ) run with the PEG derivatives I and I I I clearly demonstrate the increasing heterogeneity with decreasing fragment size. Hae I I I restriction nuclease produces fragments smaller in their mean size than EcoRI. The diagonal gel of a Hae I I I digest run in the presence of PEG derivative I I I in polyacrylamide is shown in Fig. 7 .
Eucaryotic DNAs degraded with restriction enzymes yield distinct bands from repetitive sequences. The diagonal gels of calf thymus DNA digests obtained with EcoRI and Hae I I I clearly reveal base or sequence inhomogeneities for some of these bands (Fig. 8,9 ). This also holds for the prominent 1400 b.p. fragment produced by EcoRI from satellite I. A more convincing way to demonstrate the inhomogeneity of this fragment is shown in Fig. 10 , in which the bands formed in the sizing gel were cut out and the thin agarose blocks embedded separately side by side in a gel containing the PEG derivative I I . Running this gel, the bands were allowed to proceed in the same direction as in the sizing gel, thus increasing the resolution. The pattern clearly indicates the existence of two species of the 1400 b.p. fragment (prominent band, second lane from left) well separated from the broad band containing relative AT-rich background material formed by non-repetitive DNA. It should be noted that this heterogeneity is not observed when the GC specific PEG ester I is used instead of the PEG ester I I , suggesting differences in the kind of AT runs in the two subfragments rather than differences in GC content. Application of PEG derivatives for electrophoretic determination of base composition of DNA fragments. In order to calibrate separations by base composition, we prepared a set of calibration fragments by shearing a mixture of f4. l.ysodeicticus, j^. coli and £1_. perfrinqens DNA and fractionating this mixture by size in a preparative gel as described in Materials and Methods. Samples of 1.9 and 0.9 x 10 d were run simultaneously in the absence and in the presence of one of the PEG derivatives in a horizontal gel apparatus (40 cm in length) divided lengthwise into two compartments. In Fig. 11 such a gel stained with ethidium is shown. PEG ether I I I was used as retarding agent at 9.8 x 10" M concentration in the l e f t half of the gel. The large mobility differences between the three equally sized bacterial DNAs result from about 20% difference in AT content between the three species. For evaluation of the gel, the relative mobilities of the fragments in the absence (v ) and in the presence (v) of the PEG derivative were measured.
r irwpfi
An attempt to correlate the retardation observed with the base compo- Diagonal gels of E.coli DNA fragments (10 ng) produced by EcoRI (a and b) R and Hind I I I (c). a in the presence of PEG ester I (4x10 °M) b and c in the presence of PEG ether I I I (2x10 M) a was run in 1% agarose at 22°C using 40 mM phosphate, 2 mM EDTA, pH 6 as buffer, b and c were run in 1% agarose at 25°C using 25 mM EDTA, pH 5.9, as buffer. In a the PEG ester I was reduced after ethidium staining using 0.04% sod. dithionite before the UV fluorescence photography. For better visualization reproductions of the negatives are shown. Table 3 were obtained for the two Hpa I fragments of 0 X 174 RF-DNA as well as for the EcoRI fragments of X DNA. The figures in Table 3 (PEG derivative II): 120 mg of 4"-carboxy-malachite green are dissolved in a melt of 12 g PEG 6000-7500 (Serva or MCB) at 90°C under magnetic stirring as described for PEG derivative I. 1.2 g of tosylchloride are added and the reaction mixture kept for 26 hrs at 90°C. The test column run in acetate buffer pH 4.5 should indicate complete esterification. The melt is dissolved in 150 ml of acetone and 300 ml of ether are added in small portions at 10°C. The mixture is kept at 0°C for 2 hrs, filtered and the solid washed with 500 ml of acetone-ether (1:2). The air dired product is dissolved in 700 ml of dist. water, 3 ml of acetic acid are added and the solution is filtered in two portions through a column of SP Sephadex 50 (the column is prepared from 10 g of SP Sephadex swollen in 2 L of dist. water, the gel is activated by rinsing with 1 L of 0.05 N HC1 and washed with 2 L. of dist. water). The bound PEG derivative is washed with 2.5 L of 0.01 M acetic acid and desorbed with 25 ml portions of 2 M KC1. Part of the product is eluted in a double protonated pale yellow form. After adjusting the pH to 4.6 by sodium acetate, the eluate is concentrated to about 20 ml by vac. distillation (40°C bath temp.) and dialysed extensively against 10 mM cacodylate -1 mM EOTA, pH 5.5-6. Yield 10 000 OD635 in total, measured at pH 5.9. The solution is stable at 4°C in the dark. The product is identified by UV spectroscopy. 
From a set of test experiments the base compositions listed in

